Microwave Kinetic Inductance detectors (MKIDs) have been recognized as a powerful new tool for single photon detection. These highly multiplexed superconducting devices give timing and energy measurement for every detected photon. However, the full potential of MKID single photon spectroscopy has not been reached , the achieved energy resolution is lower than expected from first principles. Here, we study the efficiency in the phonon downconversion process following the absorption of energetic photons in MKIDs. Assuming previously published material properties, we measure an average downconversion efficiency for three TiN resonators is η=0.14.
ter detectors 5 .
The number of quasiparticles produced on MKIDs when a photon is detected can be expressed as
where h is the Plank constant, ν is the frequency of the detected photon, and ∆ is the superconducting energy gap. The low temperature limit for the critical temperature of the superconductor is T c = ∆/(1.75k B ) from BCS 6 , with k B the Boltzman constant. The downconversion efficiency η is the fraction of the energy of the photon that is converted into quasiparticles and is calculated to be η = 0.57 based on Ref. 7 , this value has been commonly used for the estimation of the intrinsic energy resolution for MKIDs. The efficiency η quantifies any losses produced in the energy downconversion process involved in going from the ∼eV energy scale of the absorbed photon, to the ∆ ∼ 1 meV energy of the quasiparticles.
The fundamental performance limit for the dispersion of the energy measurement in an MKID pixel is given by quasiparticle statistics where F ∼ 0.2 is the Fano factor 8 that accounts for the fact that the cascade process generating quasiparticles is highly correlated. The maximum energy resolution for photon detection is then
For a blue photon with E γ = hν = 2.73 eV (λ = 455 nm), in a TiN superconductor with ∆ = 1.3 meV (T c = 0.88 K), and assuming η = 0.57, the maximum energy resolution would be R max = 103.
The intrinsic resolution R max (η = 0.57) has not yet been achieved for any MKID sensor in the single photon counting regime. The summary of results achieved for visible and near-IR photon detection with MKIDs is presented in Table I . The measured resolutions R are typically an order of magnitude lower than R max , assuming η = 0.57 in Eq. (3) .
In this work we study the interplay between η and material properties, and its potential role in the degradation of the energy resolution for MKIDs. From Eq.(3), the intrinsic energy resolution R max (η) ∝ η 1/2 . A technique is proposed to measure this efficiency, and applied to a few resonator pixels in a device fabricated with TiN. The MKID sensor used in this work is described in Ref. 12 . The device has a total of 2024 (44 × 46) pixels, with typical performance of R ∼ 10 at 400 nm. A microlens array is included in the MKID package to focus the incoming radiation into the inductor element of each pixel, as described in Ref. 12 Downconversion efficiency in MKIDs . The operations were performed in an Adiabatic Demagnetization Refrigerator (ADR) with a base temperature of 30 mK, and equipped with an optical window designed to allow illumination while keeping a low thermal load (see Fig.1 ).
II. QUASIPARTICLE DENSITY IN THERMAL EQUILIBRIUM
The number of quasiparticles in thermal equilibrium as a function of temperature (T ) is discussed in Ref. 14 and can be expressed as
where V is the volume of the superconductor (V = 96 µm 3 as designed, and could have fluctuations due to fabrication tolerances), and N 0 is the single-spin density of electron states at the Fermi energy of the metal. Gao et al. 15 have estimated its value to be N Gao 0 = 3.9 10 10 eV −1 µm −3 making a strong assumption on phonon downconversion efficiency. We use this value for reference, express our results in terms of X = N 0 /N Gao 0 , and later discuss the importance of this parameter.
By scanning the operating temperature of an MKID it is possible to change N qp in a controlled way. Since the kinetic inductance depends on N qp , it is possible to calibrate the response of the MKID as a function of N qp . Figure 2 shows the change on the resonance frequency f r (T ) for a TiN pixel as a function of temperature. Using the Mattis-Bardeen model 16 this can be written as
where f r (0) is the low temperature limit T ∼ 0 K, α is constant, and σ 2 (T ) is the imaginary part of the conductivity given by
Here, σ N the normal state resistance. The superconducting energy gap ∆ (and therefore the critical temperature) can be determined by fitting Eq. 5 to the data in Fig. 2 . The result for this resonator is T c = 0.88 ± 0.04 K.
For practical reasons the readout of the MKID photosensor is not done looking at the change in resonance frequency directly, it is rather done measuring the phase θ of the signal transmission S 21 (f r ) in the complex plane at a fixed frequency using the tools discussed in Ref. 17 , Ref. 18 and Ref. 19 . The frequency f r is selected as the resonant frequency when the pixel is dark and in thermal equilibrium. Figure 3 shows the transmission in the complex plane, where the larger black dots mark f r . When the temperature changes, the phase angle for S 21 (f r ) rotates, as indicated in Fig. 3 . For each temperature, we measure the change in the phase at the resonance frequency ∆θ. Through Eq.(4) this rotation can be expressed as a function of N qp = N qp /X as shown in Fig. 4 
III. MKIDS RESPONSE TO PHOTONS.
In the previous section the MKID response is calibrated for a controlled change in N pq by varying the temperature. In this section we measure the responsivity of the MKID pixel to blue photons (E γ = 2.73 eV). The rotation in the phase produced by the photon is measured using the readout system described in Ref. 20 Table II . The observed downconversion efficiency is given by Eq.(1), such that and the results are shown in the fourth columns of Table II . The observed phonon downconversion efficiency is about a factor of 4 lower than the expected for bulk material 7 , giving a significant reduction of the intrinsic resolution compared to that expected for bulk materials.
IV. CONCLUSION
The phase rotation in MKIDs as a function of the number of quasiparticles was measured by studying devices in thermal equilibrium. The phase rotation pulse was also measured for MKIDs detecting single visible photons (λ = 455 nm). By comparing the two observations, the number of quasiparticles produced by the photon detection is determined, providing a direct measurement of the photon downconversion efficiency. The average efficiency for the three pixels used in this study is η/X = 0.14. Assuming X ∼ 1 following the estimation by Gao et al. 15 , this points to a downconversion efficiency η a factor of 4 lower than the value expected for bulk material. This reduced value of η will produce a degradation in the photon energy resolution for the device by a factor of ∼ 2, according to Eq.(3).
In order to understand the intrinsic energy resolution of MKIDs, it is essential to determine the down conversion efficiency η and the density of states at the Fermi energy It has recently been demonstrated that the energy resolution for MKIDs can be degraded by noise from the cryogenic low temperature amplifier in the readout system 10 . Using a wideband parametric amplifier it is expected that the energy resolution will increase significantly to R/R max = 3 as shown in Table I according to Ref. 10 . Considering the reduction for R max in Eq.(3) for η = 0.15, the expected energy resolution for readout with parametric amplifier would be within ∼ 60% of the intrinsic energy resolution.
A model for photon downconversion efficiency for thin films is discussed Ref. 23 . The model indicates that the efficiency for producing quasiparticles depends strongly on the ratio of the phonon loss characteristic time τ l , to the photon life time for the superconductor τ 0 . The model seems to indicate that for the measured η = 0.14, this ratio is τ l /τ 0 < 0.5.
A significant improvement in the performance of the MKID would be achieved by reducing the phonon losses in the thin film.
Phonon losses during downconversion could be controlled by designing intefaces which
